H eart failure is the major cardiac syndrome in the United States and is a developing epidemic, already affecting 6 million Americans. 1 The pathological hallmark of heart failure is a weakened calcium transient, 2 diminishing contractility. 3 Normal calcium transient initiates at t-tubules, which are sarcolemmal invaginations enriched with L-type calcium channels (LTCCs) containing the pore-forming subunit Ca V 1.2. LTCCs collect at t-tubule membrane to be in close physical proximity to ryanodine receptors (RyRs) at junctional sarcoplasmic reticulum (jSR) membrane, forming LTCC-RyR dyads that facilitate calcium-induced calcium release (CICR). 4 In failing hearts, gross t-tubule network remodeling occurs and is associated with asynchronous CICR, 2,5-7 diminishing calcium transients and impairing contractility. It is not well understood how LTCCs and RyRs physically proximate with each other in healthy heart for efficient CICR and how such membrane subdomains are altered in heart failure.
hyperphosphorylated RyRs, and elevation in phosphorylated RyR (P-RyR) at PKA site Ser2808 is associated with calcium overload, impaired contractility, and increased arrhythmia. [10] [11] [12] [13] [14] The functional significance of PKA-mediated RyR-Ser2808 phosphorylation has been mechanistically linked to heart failure pathophysiology. [10] [11] [12] [13] [14] [15] In addition, chronic neurohormonal dysregulation is also associated with activation of Ca 2+ / calmodulin-dependent kinase II (CaMKII), and the resultant CaMKII-mediated hyperphosphorylation of RyR at serine 2814 has an important role in heart failure progression. 15, 16 The mechanisms of RyR phosphorylation in heart failure-related calcium dysregulation remain incompletely understood.
We previously identified that the membrane scaffolding protein bridging integrator 1 (BIN1) facilitates microtubuledependent LTCC trafficking to T-tubules 17 and shapes actindependent T-tubule membrane microdomains to regulate ionic flux. 18 The present study suggests a critical role of BIN1 in β-AR-regulated CICR and LTCC-RyR coupling at dyads. We find that 5 minutes of β-AR activation reorganizes P-RyR association with LTCC-enriched BIN1 microdomains, facilitating excitation-contraction (EC) coupling. Our findings indicate that in addition to LTCC regulation, BIN1-induced microdomains may regulate the localization of RyR and its hyperactive phosphorylated state at the dyads. The observed BIN1-based regulation of P-RyR is translatable to diseased human hearts. It has been reported that BIN1 is transcriptionally decreased in human and animal models of acquired heart failure, 7, 19, 20 which also recovers during myocardium recovery. 19 Here, we further identify that in human acquired heart failure with end-stage ischemic cardiomyopathy, reduced BIN1 results in less association with P-RyR. Thus, when BIN1 is reduced, impaired cardiac contractility, 20 increased ventricular arrhythmias, 18 and impaired β-AR response 18 can result.
Calcium regulatory and microdomain-generating proteins such as BIN1, 17, 18 which decrease with acquired heart failure 7, 20 and recover with heart recovery, 19 are interesting for better understanding the altered organization within failing cardiomyocytes. BIN1-organized microdomains are potential targets for optimizing macromolecular coupling and improving heart function.
Methods

Experimental Animals
All mouse procedures were reviewed and approved by the Cedars-Sinai Medical Center Institutional Animal Care and Use Committee. Cardiac-specific Bin1 heterozygote (Bin1 flox/+ ;Myh6-cre + ) deleted mice were generated by crossing Bin1 flox mice 21 with Myh6-cre + mice 22 as previously described. 18 Both male and female young adult mice (age, 10-12 weeks) were used in the study. Each biochemical experimental repeat used sex-matched Bin1 heterozygotes and wildtype (WT) mice from the same litter with 5 to 6 mice per group. Each cellular experiment represents cardiomyocytes isolated from 3 to 4 mice per group.
Antibodies and Reagents
Antibodies used for coimmunoprecipitation and immunoblotting include mouse anti-total RyR (tRyR, Abcam), rabbit anti-RyRphospho Ser2808, and anti-RyR-phospho serine 2814 (Badrilla), rabbit anti-Ca V 1.2 (Alomone Labs), rabbit anti-β1AR and anti-β2AR (Abcam), mouse anti-BIN1 BAR domain (2F11, Abcam), recombinant monoclonal anti-BIN1 exon 13 (Sarcotein Diagnostics), rabbit anti-BIN1-SH3 (Abcam), and rabbit anti-actin (Sigma). All other reagents were obtained from Sigma unless indicated otherwise.
Coimmunoprecipitation of BIN1 and P-RyR From Heart Lysates
For coimmunoprecipitation, adult mouse hearts were perfused with normal Tyrode buffer (mmol/L: 136 NaCl, 5 KCl, 1.2 MgCl 2 , 1.8 CaCl 2 , 5.5 glucose, 5 HEPES, pH=7.4), containing either 300 nmol/L CGP-20712A and 50 nmol/L ICI 118,551 or 1 µmol/L isoproterenol for 5 minutes. Hearts were homogenized and subsequently solubilized in lysis buffer (mmol/L: 50 Tris, pH 8.5, 5 EDTA, 150 NaCl, 10 KCl, 0.75% Triton X-100, 5 NaF, 5 β-glycerophosphate, 1 NaVO 3 ) supplemented with proteinase inhibitor tablets (Roche) for 2 hours at 4°C. After centrifugation, heart lysate supernatant (3 mg) was incubated with 5 μg appropriate antibodies, including mouse anti-GST (IgG control), overnight at 4°C. Samples were incubated with Dynabeads (Life Technologies) for 30 minutes at room temperature and washed and eluted in 2× sample buffer.
Cardiomyocyte Isolation and Immunofluorescence Labeling
Ventricular myocytes were isolated as previously described 18 and maintained in perfusion buffer for 2 hours, allowing cell attachment to laminin-coated coverslips or 35-mm glass bottom dishes. Cardiomyocytes were treated with either 300 nmol/L CGP-20712A and 50 nmol/L ICI 118,551 or 1 µmol/L isoproterenol for 5 minutes, followed by fixation in methanol at −20°C for 5 minutes and immunofluorescent labeling as previously described. 18 The primary antibodies used are mouse anti-BIN1-BAR (1:50), rabbit anti-RyR-phospho Ser2808 (1:200), mouse anti-tRyR (1:100), and rabbit anti-Ca V 1.2 (1:100). For stochastic optical reconstruction microscopy (STORM) imaging, freshly made oxygen-scavenging buffer (10 mmol/L cysteamine, 0.5 mg/mL glucose oxidase, 40 μg/mL catalase, 10% glucose in 50 mmol/L Tris with 10 mmol/L NaCl) was used to enable photoswitching according to methods described previously. 23
Spinning Disk Confocal and Superresolution STORM Imaging
All images were collected with a Nikon Eclipse Ti microscope with a ×100 objective with 1.49 numeric aperture total internal reflection fluorescent objective and NIS Elements software with a STORM module. Confocal Z stacks at Z-step increments of 0.25 μm were collected with a spinning-disk confocal unit (Yokogawa CSU10) and captured by a high-resolution ORCA-Flash 4.0 digital CMOS camera. The STORM images (signals within 500-nm Z depth from the coverslips) were acquired with lasers (488 561 from a self-contained 4-line laser module with acousto-optic tunable filters) and captured by a high-speed iXon DU897 Ultra EMCCD camera. Fresh STORM imaging buffer was exchanged every hour to maintain photo-switching properties. The STORM module was used to obtain and analyze the images to generate 3-dimensional (3D) projections of BIN1/P-RyR and BIN1/Ca V 1.2 images at nanoscale resolution.
3D STORM Image Rendering
The native 3D STORM images are displayed with the gaussian rendering algorithm available in Nikon Elements software, and 3D stacks of 3D STORM images (2 channels per acquisition, either BIN1 and Ca V 1.2 or BIN1 and P-RyR) in tagged image file format were obtained at a z spacing of 10 nm for a depth of 500 nm. The stacks were then converted to 2-dimensional bit-map images with ImageJ and then imported individually as different planes at the same z spacing into AutoCAD 2016 (Autodesk). The signal in each plane was then manually traced; then the tracings were autonomously rendered as a vector-based 3D object. A Ca V 1.2 object was then combined with the BIN1 and RyR objects with BIN1 used as the common reference, and each was assigned a different semitransparent color to visualize relative 3D positioning of the proteins. January 26, 2016
Calcium Transient Measurement
Freshly isolated cardiomyocytes were loaded with 10 μmol/L Cal-520-AM (AAT Bioquest) in 0.4% pluronic F-127 in normal Tyrode buffer for 30 minutes. Cells were washed 3 times in buffer containing 1 mmol/L probenecid before being placed in the imaging chamber with or without 1 μmol/L isoproterenol for 5 minutes. Cells were then paced with a field stimulator (Ionflux) at 1 Hz. Calcium fluorescence was imaged with a spinning disk confocal microscope, and images were collected at 67 frames per second. The fluorescence intensity was analyzed with Nikon Element software. Cells with at least 5 rhythmic calcium transients induced before any spontaneous calcium release were used for calculation of peak calcium transient amplitude. All cells were used in the calculation of the percent incidence of spontaneous calcium release.
Signal Processing and Statistical Analyses
Image J was used for fluorescence intensity profile and t-tubule peak intensity analysis. Briefly, an XY frame image was selected at a similar focal plane of cardiomyocytes, and a rectangular box of the same sized was placed at 2 µm below the longitudinal edge to include 5 representative t-tubules while avoiding interference from sarcolemma, intracellular perinuclear area, and intercalated disks. Fluorescent signal within each boxed area was collapsed along the short axis to generate the fluorescent profile. The collapsed signals from 4 t-tubules were then averaged with background subtracted for analysis of t-tubule peak intensity. Statistical analysis was conducted with SAS and Stata. Given 5 or 6 hearts in each group for biochemical experiments, we performed the Friedman 2-way nonparametric ANOVA in conjunction with the RANK procedure. Use of the blocking variable tested the treatment and genotype effect, as well as gene-by-treatment interaction effect. For fluorescence intensity data, we first applied square root transformation to normalize the distribution. A generalized estimating equation model with exchangeable covariance matrix was then used to adjust for correlation among cardiomyocytes from the same heart. Gene-by-treatment interaction was initially modeled into all the analysis but was excluded from the final generalized estimating equation model when it failed to achieve statistical significance. For the comparison of frequency of spontaneous calcium release, the generalized estimating equation model with the logit link function was used for the binary response, and "heart" was used as the cluster factor to take the correlation into account. The Mann-Whitney test was used to compare differences between failing and nonfailing human hearts.
Human Studies
Deidentified human heart lysates from individuals without failure and with ischemic heart failure were obtained from the Cedars-Sinai Heart Institute Biobank, which stores plasma and tissue and lysates from heart explants acquired under informed consent using a protocol approved by institutional review board from the Cedars-Sinai Medical Center Office of Research Compliance.
Results
BIN1 Regulates β-AR-Dependent Phosphorylation of RyR at Ser2808
To assess whether BIN1 regulates β-AR-induced RyR phosphorylation, we first examined, in both WT and cardiacspecific heterozygous Bin1-deleted adult mouse hearts (Bin1 heterozygotes; Bin1 flox/+ ;Myh6-Cre + ), the effect of acute β-AR activation on RyR expression and phosphorylation at the primary PKA-targeted residue Ser2808 (P2808-RyR). Young adult mouse hearts were isolated and retrograde perfused in vitro with physiological buffer. Acute sympathetic activation was induced by including the β-AR agonist isoproterenol (1 µmol/L) for 5 minutes in the perfusate. Basal sympathetic tone (baseline) was assessed by including β-AR antagonists (CGP-20712A+ICI 118,551). In Bin1 heterozygous hearts, without sympathetic activation, tRyR content is the same ( Figure 1A) ; however, cardiac BIN1 is 50% decreased ( Figure 1B) , and P2808-RyR is significantly increased ( Figure 1C ). Five minutes of β-AR activation does not alter tRyR or BIN1 content in either WT or Bin1 heterozygous hearts ( Figure 1A and 1B) yet is sufficient to increase P-RyR in both genotypes ( Figure 1C ). No significant gene-by-treatment interaction effect was observed. These data indicate that a reduction in both BIN1 and isoproterenol-induced β-AR signaling increases phosphorylation of RyRs at PKA-targeted Ser2808 in the heart. The increase in basal phosphorylation of RyR at Ser2808 is not attributable to changes in β-AR density in Bin1 heterozygous hearts ( Figure I in the online-only Data Supplement).
Isoproterenol treatment can also activate CaMKII, 24 which will phosphorylate 25 serine 2814 and, although less likely, 25 may contribute to P2808-RyR. 26 Using serine 2814 phosphorylation as a readout, we found that P2814-RyR is neither altered in Bin1 heterozygous hearts at baseline (with β-AR blockers) nor changed in response to 5 minutes of isoproterenol perfusion ( Figure II in the online-only Data Supplement). Lack of changes in P2814-RyR suggests that with 5 minutes BIN1; B) , and phosphorylated serine 2808 (P2808)-RyR (C) in whole-heart lysates from wild-type (WT) and Bin1 HT hearts at baseline (BL) with endogenous β-AR autoactivity blocked with antagonists (ICI+CGP) or with acute β-AR activation after 5 minutes of treatment with 1 µmol/L isoproterenol (ISO). ***P<0.001 between genotypes; † † †P<0.001 after ISO. 
BIN1 Organizes LTCCs and P2808-RyRs at Dyads
To explore the role of BIN1 in regulation of phosphorylated receptors, we studied the intracellular distribution of P-RyR relative to BIN1 microdomains in WT adult mouse cardiomyocytes using superresolution STORM imaging. STORM is a microscopy technique based on stochastic switching of single-molecule fluorescence signal using fluorescent probes that can switch between fluorescent and dark states ("blinking events"). When sufficient acquisitions are taken to capture enough blinking events of individual fluorophores, the center of each fluorophore signal can be resolved mathematically. In combination with the thin illumination method using lasers delivered at the incident angle slightly smaller than the critical total internal reflection fluorescent angle to reduce out-of-focus fluorescence background, 27 the resultant spatial resolution of each fluorophore within ≈600 nm of the focal plane can be accurately reduced to 20 nm at the x-y axis. 23 The astigmatism method using an astigmatic lens with improved correction of axial chromatic aberration allows us to acquire 3D multicolor STORM images with a Z depth of 800 nm around a focal plane at a Z resolution of 50 nm. 23 As indicated in the cartoon in Figure 2A , cell surfaces at the glass coverslip edge were subjected to STORM imaging. Black arrows indicate the cell surface Z grooves 19 lined with t-tubule openings. The 2-dimensional STORM image of BIN1 (red) and P-RyR (green; Figure 2A ) indicates that near the surface of the cell, the P-RyR signal distributes along Z lines with enrichment at BIN1 clusters. Furthermore, 3D STORM imaging of single dyads at subsarcolemma t-tubules ( Figure 2B ) reveals that P-RyR clusters (green) are enriched at BIN1-induced basket-like microfolds 18 (red). Consistent with previous results, 17 Ca V 1.2 channels (blue) cluster at the center of these BIN1 microfolds (Figure 2B, right) . To understand the 3D spatial organization of dyad proteins, microdomain rendering of STORM images of P-RyR/BIN1/Ca V 1.2 was generated. Images were combined into 3 channels with the BIN1 signal used as a common reference point. As shown in Figure 2C , the BIN1 (red) basket-like structures appear to bridge the dyadic cleft, spanning between Ca V 1.2 channels (blue) at the T-tubule membrane and P-RyRs (green) at the jSR membrane.
β-AR Activation Increases BIN1 Interaction With P2808-RyR
On the basis of the suggestion of a P-RyR interaction with BIN1 by STORM imaging, we next used biochemical coimmunoprecipitation to test the relationship. Using a recombinant monoclonal antibody against cardiac BIN1 exon 13, we found that P-RyR coimmunoprecipitates with BIN1+13+17 ( Figure 2D ). Of note, BIN1+13+17 is the BIN1 isoform organizing cardiac T-tubule microdomains. 18 In WT hearts, isoproterenol treatment does not affect tRyR or total BIN1 protein expression ( Figure 1A and 1B ), yet the higher amount of isoproterenol-induced P-RyR ( Figure 1C ) results in higher P-RyR coimmunoprecipitation with BIN1+13+17 ( Figure 2D ), indicating that receptor phosphorylation enhances its binding affinity with BIN1. We then asked whether the isoproterenolenhanced interaction between BIN1 and P-RyR could be altered in hearts with BIN1 deficiency. In Bin1 heterozygous hearts, less BIN1 is associated with less coimmunoprecipitation of P-RyR at baseline and after acute β-AR activation with isoproterenol. In contrast to WT hearts, the acute isoproterenol-induced increase in P-RyR in Bin1 heterozygous hearts ( Figure 1C) is not associated with a concomitant increase in P-RyR coimmunoprecipitation with BIN1 ( Figure 2D ). These results suggest that P-RyR is attracted to BIN1. Once BIN1 is saturated such as in Bin1 heterozygous hearts, no further clustering with P-RyR is possible.
Origin of P2808-RyR Recruited to BIN1 Microdomains on β-AR Activation
To understand why Bin1 heterozygous hearts lose isoproterenol-enhanced interaction between BIN1 and P-RyR ( Figure 2D ), we used spinning disk confocal imaging to examine whether rapid intracellular redistribution of BIN1 and P-RyR can occur in response to β-AR stimulation. In isolated WT myocytes, both BIN1 and P-RyR follow a regular t-tubule/jSR distribution pattern, which is less apparent in Bin1 heterozygous myocytes ( Figure 3A and 3B , fluorescent profiles on the bottom). Strikingly, in only WT cardiomyocytes, 5 minutes of isoproterenol treatment doubles t-tubule BIN1 and significantly increases P-RyR at the jSR membrane ( Figure 3C ), resulting in correlation between t-tubule BIN1 signal and jSR P-RyR (r 2 =0.56, P<0.001; black line in Figure 3D ; baseline: r 2 =0.11, P=0.09, line not shown). In Bin1 heterozygous myocytes (baseline: r 2 =0.23, P<0.05, line not shown), isoproterenol fails to increase BIN1 at t-tubules, resulting in less P-RyR and a weak correlation with BIN1 (r 2 =0.05, P=0.32, red line).
To further identify whether isoproterenol-induced RyR phosphorylation results in recruitment of receptors from nondyad membrane into BIN1 microdomains, we studied intracellular distribution of tRyR in both WT and Bin1 heterozygous cardiomyocytes. In contrast to receptor phosphorylation level, tRyR protein expression remains unchanged after short-term isoproterenol treatment in both genotypes ( Figure 1A ). If no dynamic receptor movement occurs and the isoproterenol-increased P-RyR at t-tubules is contributed solely by phosphorylation of local dephosphorylated receptors, intracellular distribution of tRyR should remain the same on β-AR activation. However, consistent with more P-RyR at t-tubules (Figure 3) , isoproterenol also induces a significant increase in tRyR signal at t-tubules in WT cardiomyocytes, indicating rapid recruitment of more RyR protein into BIN1 microdomains on β-AR activation ( Figure 4A ). Such an increase in tRyR at t-tubules becomes much less abundant in Bin1 heterozygous cardiomyocytes ( Figure 4B) .
In summary, we identify that acute β-AR activation redistributes BIN1 to t-tubules, recruiting P2808-RyR from non-jSR membrane to BIN1 microdomains. When BIN1 is deficient, fewer BIN1 microdomains at t-tubules can be formed on β-AR stimulation, resulting in the accumulation of uncoupled P-RyRs outside the dyads.
BIN1 Deficiency Leads to Increased Spontaneous Calcium Release
Calcium transients in response to isoproterenol were examined in both WT and Bin1 heterozygous cardiomyocytes. Bin1 heterozygous cells have a significant reduction in calcium transient peak amplitude at baseline ( Figure 5A and 5B), which is in part a result of impaired Ca V 1.2 channel trafficking to T-tubules. 17, 20 Reduced calcium transient can be rescued to WT levels after short-term isoproterenol treatment ( Figure 5B ), which also significantly increases the incidence of spontaneous calcium release ( Figure 5C ). These data indicate that in WT cardiomyocytes, β-AR stimulation concentrates BIN1 microdomains to recruit P-RyRs, increasing CICR gain while preserving electric stability. In the case of Bin1 heterozygous myocytes, the impaired BIN1 microdomain fails to recruit all P-RyR into dyads, resulting in P-RyR accumulation elsewhere and consequently elevated orphaned leaky receptors (schematic in Figure 6 ). 
In Human Ischemic Heart Failure, BIN1 Is Reduced, as Is Clustering With P2808-RyR
To explore whether BIN1-based regulation of P-RyR in mouse hearts is translatable to human disease, we examined the protein expression of cardiac BIN1 and its interaction with P-RyR in lysates from nonfailing human hearts (acquired from patients who died from noncardiac cause) and human hearts with end-stage ischemic cardiomyopathy (acquired on transplantation). In the human hearts with endstage ischemic cardiomyopathy, there was a 50% reduction in BIN1 protein ( Figure 7A ), consistent with previous reports. 20 Furthermore, as indicated in Figure 7B , interaction between cardiac BIN1+13+17 and P-RyR was confirmed by positive coimmunoprecipitation. This experiment was repeated in all the nonfailing and failing hearts, and the quantitative data are included in the bar graph on the right side of Figure 7B , which indicates that coimmunoprecipitation of P2808-RyR is significantly diminished when BIN1 is reduced (n=5; P<0.05). Thus, in human hearts with ischemic cardiomyopathy, reduced BIN1+13+17 strongly correlates with a failure of P-RyR to organize at BIN1-induced T-tubule microdomains. The resultant accumulation of orphaned leaky P-RyR receptors outside the T-tubule dyads can contribute to heart failure progression, impairing contractility and promoting arrhythmias in patients with acquired heart failure.
Discussion
In this study, we find that RyRs can traffic in and out of dyads within a time scale of minutes. Fast movement of RyRs is regulated by BIN1-organized microdomains, which in turn are regulated by β-AR signaling. By organizing t-tubule microfolds 18 to localize Ca V 1.2 with RyR channels 17 (Figure 2 ), BIN1 serves as an important scaffold for dynamic microdomain regulation and calcium transient development.
Dynamic Protein Movement In and Out of Dyads
Dyads are the functional calcium-releasing units underlying CICR. Up to 50% of the t-tubule surface area is engaged in dyadic junction with jSR. 28 It is known that T-tubule remodeling 5-7 occurs in diseased states such as heart failure, and with heart failure, the dyad uncouples. 2, 29 At the jSR side of the dyad, RyRs form clusters ranging 10 to 300 RyR in size, 30 with relatively large distances of 0.6 to 1 µm between clusters. 31 Recent evidence also supports that the arrangement of RyRs in the dyad is neither uniform nor static. 32 Physiological conditions such as Mg 2+ concentration and receptor phosphorylation can completely change the positioning of RyR tetramers within the dyad on a time scale of minutes. 32 The heterogeneity of the cluster size, large intercluster distance, dynamic arrangement of RyR tetramer, and coupled gating 33 all point to dynamic dyad regulation. Our data identify for the first time that RyRs can move into dyads after just 5 minutes of β-AR stimulation. Such a rapid receptor movement is mediated by enrichment of BIN1organized microdomains at t-tubules. It remains unidentified how BIN1 rapidly accumulates at t-tubules to generate microdomains within 5 minutes of isoproterenol stimulation. Interestingly, BIN1 is a membrane scaffolding protein with binding affinity to plasma membrane phospholipids, 34 which is known to be altered by acute β-AR stimulation in as little as 1 to 3 minutes. 35 The potential role of cardiac t-tubule membrane lipid species in BIN1 microdomain formation awaits future studies.
The dynamic feature of dyadic proteins is important for physiological stress response when P-RyRs are recruited to BIN1 microdomains for coupling with Ca V 1.2 channels, inducing synchronized release with increased CICR gain during stress. When BIN1 is transcriptionally reduced as in heart failure, the impaired BIN1 microdomain prevents movement of P-RyR into dyads for efficient CICR (Figure 6 ).
Microdomain-Based Regulation of LTCC and RyR Channels
We previously identified that BIN1 facilitates microtubuledependent targeted delivery of LTCCs to t-tubules. 17 Together with the current discovery that BIN1 attracts hyperactive phosphorylated RyRs into the same microdomain, these data indicate that BIN1 serves as a protein bridge important to the maintenance of LTCC-RyR couplons at the dyads. Meanwhile, by creating diffusion-resistant microfolds at t-tubule membrane, 18 BIN1 creates an electrically stable microenvironment with concentrated dyadic proteins for optimized EC coupling. The superresolution 3D STORM imaging and microdomain rendering ( Figure 2 ) provide for the first time direct visualization into the spatial organization of BIN1 microdomains at the dyads in which the membrane-sculpting BIN1 creates basket-like structures holding LTCC clusters while protruding into RyR tetramers. In doing so, BIN1 microdomains are also likely to change the relative stoichiometry of LTCC channels to RyRs at the dyads, maximizing EC coupling gain.
Whether and how RyR function is regulated at BIN1 microdomains remain unclear, as well as the potential involvement of other membrane scaffolding proteins such as caveolin-3 and junctophilin-2. Caveoline-3 organizes caveola microdomains distributed along sarcolemma and t-tubule membrane, which compartmentalize LTCC channels with β-ARs. 36 Given that cellular distribution of caveoline-3 is altered in cardiomyocytes with BIN1 deficiency, 37 a potential interaction between caveolae and BIN1-microdomains may exist, facilitating coordinated channel regulation during acute stress. Junctophilin-2, on the other hand, is a t-tubule/jSR junctional protein that has been shown to maintain junctional membrane structure and to interact with RyR, regulating EC coupling. 38 It is possible that BIN1 and junctophilin-2 may work together to ensure LTCC-RyR stoichiometry optimal for EC coupling. Whether the same or distinct populations of RyR receptors are involved in regulations by BIN1 and junctophilin-2 remains unclear. It will be interesting to see in future studies how these microdomains are coordinated to control dyad function in normal and stressed hearts.
Regulation of RyR Macromolecular Complex
Ryanodine receptors exist as homotetromers. Each monomer consists of a C-terminal transmembrane pore domain and a very large cytoplasmic domain containing various modulatory binding sites. 39, 40 Calsequestrin, triadin, and junctin are known regulators of RyR via luminal calcium. 41 The large cytoplasmic domain of RyR serves as the platform for binding of various modulators, including calstabin, 42 PKA and muscle A kinase anchoring protein, phosphatases PP1 and PP2A, 10, 11 and calmodulin 43 and CaMKII, 25 constituting a macromolecular signaling complex for efficient temporal and spatial regulation of RyR function. These modulators alter the biophysical properties of RyR either through regulation of receptor phosphorylation/dephosphorylation or via stabilization of the closed state of RyR, as in the case of calstabin.
Our study suggests BIN1 as an additional membrane deformation component of the macromolecular complex. It remains uncertain whether BIN1 binds to the large cytosolic domain of RyR directly or indirectly through other molecules in the complex. The atomic resolution of RyR structure solved recently 40 can provide much insight into how BIN1 interacts within the RyR macromolecular complex. 39 Furthermore, the interaction between BIN1 and RyR is increased after receptor phosphorylation (Figure 2) , similar to the known binding preference of BIN1 to negatively charged phospholipids. The enrichment of positively charged residues within the BAR domain of BIN1 may explain its preferential binding to negatively charged lipids and proteins, with quick response to β-AR signaling.
Distribution of Phosphorylated RyR: Implication in Human Heart Failure
The biophysical properties of RyR can be altered through phosphorylation at different residues, which when hyperphosphorylated contribute to heart failure progression. Phosphorylation of RyRs at the primary PKA site Ser2808 increases open probability and calcium sensitivity 10, 14 and is essential for β-AR-mediated regulation. 13, 14 Phosphorylation at a nearby serine 2814 by CaMKII 25 is essential for a positive force-frequency relationship 44 and is considered to mediate sustained contractile response 45 when β-AR is chronically stimulated. 46 In the present study, using P2808-RyR, which is consistently hyperphosphorylated on 5 minutes of β-AR activation, we focused on the acute movement of phosphorylated receptors to BIN1 microdomains. Given the preferential binding of BIN1 to negatively charged receptors, it is likely that BIN1 also attracts P2814-RyR when CaMKII is activated with long-term β-AR stimulation.
Although extensively studied with regard to the role of RyR hyperphosphorylation in heart failure pathophysiology, 15, 47 results from the present study introduce a new perspective that subcellular localization of phosphorylated RyRs may also matter. When BIN1 is reduced with fewer phosphorylated RyRs associated (Figure 7) , as occurs in human acquired heart failure, P-RyR localization into dyads will be impaired, limiting efficient CICR. Outside the dyads, accumulation of uncoupled receptors not only fails to improve CICR gain but also forms leaky receptor clusters, contributing to spontaneous calcium release and arrhythmias ( Figure 5 ). Reduced BIN1 with altered RyR distribution therefore likely contributes to the pathophysiology of heart failure progression.
Conclusions
Our data suggest that the membrane deformation protein BIN1 organizes t-tubule microdomains to support interaction between dyadic proteins. These BIN1 microdomains are dynamic, reorganizing in response to acute stress, altering myocardial function. Reduced BIN1 with impaired microdomain formation also likely contributes to EC uncoupling and electric instability in failing hearts. The present study is limited to the acute stress response in isolated mouse hearts and cardiomyocytes without systemic sympathetic innervation. The results provide important understandings of the dynamic nature of the dyadic proteins with limited assessment of chronic pathological changes during heart failure progression. The human data (Figure 7) suggest that our findings may be applicable to patients with chronic ischemic cardiomyopathy, but future studies in well-controlled in vivo mouse models of ischemic heart failure are necessary to better elucidate the biology of chronic BIN1 microdomain regulation of dyad function and EC coupling.
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